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The quantum molecular dynamics model has been improved to investigate the reaction dynamics
induced by antiprotons. The reaction channels of elastic scattering, annihilation, charge exchange
and inelastic collisions have been included in the model. Dynamics on particle production, in
particular pions, kaons, antikaons and hyperons, is investigated in collisions of p on 12C, 20Ne, 40Ca,
112Sn, 181Ta, 197Au and 238U from a low to high incident momentum. The rapidity and momentum
distributions of pi+ and protons from the LEAR measurements can be well reproduced. The impacts
of system size and incident momentum on particle emissions are investigated from the inclusive
spectra, transverse momentum and rapidity distributions. It is found that the annihilations of p on
nucleons are of importance on the particle production. Hyperons are mainly produced via meson
induced reactions on nucleons and strangeness exchange collisions when the incident momentum is
below the threshold value of annihilation reaction. A higher nuclear temperature is obtained from
the kaon emission, but it has a lower value for hyperon production.
PACS number(s): 25.43.+t, 24.10.-i, 24.10.Lx
I. INTRODUCTION
The dynamics of antiproton-nucleus collisions is a com-
plex process, which is associated with the mean-field po-
tentials of antinucleons and produced particles in nu-
clear medium, and also with a number of reaction chan-
nels, i.e., the annihilation channels, charge-exchange re-
action, elastic and inelastic collisions. A more localized
energy deposition is able to be produced in antiproton-
nucleus collisions in comparison with heavy-ion collisions
due to the annihilations. Searching for the cold quark-
gluon plasma (QGP) with antiproton beams has been
performed as a hot topic both in experiments and in the-
ory calculations over the past several decades. The large
yields of strange particles may be produced in antipro-
ton induced reactions, which have the advantage in com-
parison to proton-nucleus and heavy-ion collisions. The
particle production in collisions of antiproton on nuclei
has been investigated by using the intranuclear cascade
(INC) model and a number of experimental data was
nicely explained [1]. Self-consistent description of dy-
namical evolutions and collisions of antiproton on nucleus
with transport models is still very necessary, in particular
the fragmentation in collisions of antiproton on nucleus
to form hypernuclei.
Strangeness production and formation of hypernuclei
in antiproton induced nuclear reactions has been inves-
tigated throughly with the Giessen Boltzmann-Uehling-
Uhlenbeck (GiBUU) transport model [2, 3]. The produc-
tion of hypernuclei is associated with the reaction chan-
nels of hyperons and also hyperon-nucleon (HN) poten-
tial. From comparison of kinetic energy or momentum
spectra of hyperons to experimental data, the HN po-
tential can be extracted. Also the antinucleon-nucleon
potential is able to be constrained from particle produc-
tion. The dynamical mechanism on strange particle pro-
duction can be explored from the analysis of reaction
channels and comparison to experimental spectra.
II. MODEL DESCRIPTION
In the Lanzhou quantum molecular dynamics (LQMD)
model, the dynamics of resonances (∆(1232), N*(1440),
N*(1535) etc), hyperons (Λ, Σ, Ξ) and mesons (pi, K,
η, K, ρ, ω ) is described via hadron-hadron collisions,
decays of resonances and mean-field potentials in nu-
clear medium [4, 5]. The evolutions of baryons (nucle-
ons, resonances and hyperons), anti-baryons and mesons
in the collisions are governed by Hamilton’s equations
of motion. A Skyrme-type interaction has been used in
the evaluation of potential energy for nucleons and reso-
nances.
The hyperon mean-field potential is constructed on the
basis of the light-quark counting rule. The self-energies
of Λ and Σ are assumed to be two thirds of that experi-
enced by nucleons. And the Ξ self-energy is one third of
nucleon’s ones. Thus, the in-medium dispersion relation
reads
ωB(pi, ρi) =
√
(mB +ΣBS )
2 + p2i +Σ
B
V , (1)
e.g., for hyperons ΣΛ,ΣS = 2Σ
N
S /3, Σ
Λ,Σ
V = 2Σ
N
V /3,
ΣΞS = Σ
N
S /3 and Σ
Ξ
V = Σ
N
V /3. The antibaryon energy
is computed from the G-parity transformation of baryon
potential as
ω
B
(pi, ρi) =
√
(m
B
+ΣBS )
2 + p2i +Σ
B
V (2)
2with ΣBS = Σ
B
S and Σ
B
V = −Σ
B
V . The nuclear scalar
ΣNS and vector Σ
N
V self-energies are computed from the
well-known relativistic mean-field model with the NL3
parameter (g2σN=80.82, g
2
ωN=155). The optical potential
of baryon or antibaryon is derived from the in-medium
energy as Vopt(p, ρ) = ω(p, ρ) −
√
p2 +m2B. A factor ξ
is introduced in the evaluation of antinucleon optical po-
tential to mimic the antiproton-nucleus scattering [6] and
the real part of phenomenological antinucleon-nucleon
optical potential [7] as ΣNS = ξΣ
N
S and Σ
N
V = −ξΣ
N
V
with ξ=0.25, which leads to the optical potential V
N
=-
164 MeV for an antinucleon at the zero momentum and
normal nuclear density ρ0=0.16 fm
−3. Shown in Fig. 1
is a comparison of the baryon and antibaryon energies in
nuclear medium and the optical potentials as a function
of baryon density. The empirical Λ potential extracted
from hypernuclei experiments [8] is well reproduced with
the approach. The antihyperons exhibit strongly attrac-
tive potentials in nuclear medium. The optical potentials
of hyperons will affect the production of hypernuclei. The
values of optical potentials at saturation density are -32
MeV, -16 MeV, -164 MeV, -436 MeV and -218 MeV for
Λ(Σ), Ξ, N , Λ and Ξ, respectively.
The Coulomb interaction between charged mesons and
baryons has included in the model. The optical poten-
tials of K and K in dense nuclear matter are considered
through the dispersion relations, which are computed
from the chiral Lagrangian [9], but distinguishing isospin
effect [10]. The strengths of repulsive kaon-nucleon (KN)
potential and of attractive antikaon-nucleon potential
with the values of 27.8 MeV and -100.3 MeV are ob-
tained at saturation baryon density for isospin symmetric
matter, respectively. The in-medium potentials of kaons
and antikaons are of importance on dynamical emissions
in phase space from the knowledge of heavy-ion colli-
sions. We did not include the optical potentials for other
mesons.
Based on hadron-hadron collisions in heavy-ion reac-
tions in the region of 1-2 A GeV energies [5], we have fur-
ther included the annihilation channels, charge-exchange
reaction, elastic and inelastic scattering in antinucleon-
nucleon collisions: NN → NN , NN → BB, NN → Y Y
and NN → annihilation(pi, η, ρ, ω,K,K,K∗,K
∗
, φ).
Here the B strands for (N, △, N∗) and Y(Λ, Σ, Ξ), K(K0,
K+) andK(K0, K−). The overline of B (Y) means its an-
tiparticle. The cross sections of these channels are based
on the parametrization of experimental data [11]. The
NN annihilation is described by a statistical model with
SU(3) symmetry [12], which includes various combina-
tions of possible emitted mesons with the final state up
to six particles [3]. A hard core scattering is assumed
in two-particle collisions by Monte Carlo procedures, in
which the scattering of two particles is determined by a
geometrical minimum distance criterion d ≤
√
0.1σtot/pi
fm weighted by the Pauli blocking of the final states.
Here, the total cross section σtot in mb is the sum of all
possible channels. The probability reaching a channel in
a collision is calculated by its contribution of the channel
cross section to the total cross section as Pch = σch/σtot.
The choice of the channel is done randomly by the weight
of the probability.
III. RESULTS AND DISCUSSIONS
Dynamics of particles produced in antiproton induced
reactions can be used to extract the in-medium potentials
of antiprotons and particles, in particular for strange par-
ticles in nuclear medium, which are not well understood
up to now and directly affect the formation of hypernu-
cleus. To check the reliability of the model, shown in
Fig. 2 is the momentum distributions of protons and
pi+ produced in antiproton reactions on 12C and 238U
at incident momentum of 608 MeV/c. The experimental
data from LEAR (Low-Energy Antiproton Ring) mea-
surements at CERN [13] can be nicely reproduced with
the model over the whole momentum range. The attrac-
tive NN potential in nuclear medium slightly enhances
the collision probabilities between antinucleons and nu-
cleons, which leads to the increase of the momentum
spectra. The shape of the proton spectra is determined
by elastic collisions of antiproton on nucleons. At the
considered energy, pions are mainly produced from the
annihilation of NN. The decay channel from△ formed in
collisions of p on nucleons has nonnegligible contribution
on the low-momentum pi production. The system size
dependence of particle production in antiproton induced
reactions can be observed from the transverse momen-
tum as shown in Fig. 3. It is obvious that the yields
increase with the atomic mass of target nucleus because
of the reaction cross section. The distribution trends are
basically the same from lighter to heavier target.
The phase-space structure of particle emission in an-
tiproton induced reactions can be also observed from the
rapidity distributions. Shown in Fig. 4 is a compari-
son of rapidity distributions of protons, pi+ and K+ in
collisions of p on 12C and 238U with and without inclu-
sion of the antinucleon-nucleon potential at incident mo-
mentum of 608 MeV/c. Experimental data from LEAR
measurements [13] are well reproduced over the whole
rapidity range. One notices that the proton emission in
antiproton induced reactions almost exhibits a symmet-
ric distribution. However, pions and kaons are produced
towards the centre of mass (c.m.) rapidity of antipro-
ton and nucleon (0.31). Influence of the pN potential on
particle emissions is nearly negligible besides the mid-
rapidity production. Incident momentum dependence
of rapidity distribution for neutral particles in the re-
action of p+12C is shown in Fig. 5. The peaks of pi0
and K0 move towards the c.m. rapidity of p on nucleon
(ypN=0.11, 0.31, 0.46 and 1.08 at the incident momenta
of 200 MeV/c, 608 MeV/c, 1 GeV/c and 4 GeV/c, re-
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FIG. 1. Density dependence of the in-medium energies of nucleon, hyperon and their antiparticles in units of free mass and the
optical potentials at the momentum of p=0 GeV/c. The empirical value of Λ potential extracted from hypernuclei experiments
is denoted by the solid circle [8].
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FIG. 2. Momentum distributions of the angle-integrated cross sections for protons and pi+ produced from antiproton reactions
on 12C and 238U at 608 MeV/c with and without inclusion of the NN potentials. Experimental data are from Ref. [13].
spectively) with increasing the incident momentum. The
symmetric structure appears for the neutral hyperons
and the forward emission is dominant at 4 GeV/c. The
results are caused from the fact that the pions and kaons
are mainly produced from the annihilation of p on nucle-
ons. The strangeness exchange reactionsKN → piY con-
tribute the hyperon production at incident momentum
below the threshold value, e.g., the reaction NN → ΛΛ
(pthreshold=1.439 GeV/c). The hyperon is also produced
via meson induced reactions MN → KY with M being
pi, η, ρ, ω.
More information of particle production in antipro-
ton induced reactions can be obtained from the invariant
spectra. Shown in Fig. 6 is the kinetic energy spectra of
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FIG. 3. The transverse momentum distributions of pi+, K+, K− and neutral hyperons produced in p on 12C, 40Ca and 181Ta
at incident momentum of 4 GeV/c.
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FIG. 4. Rapidity distributions of protons, pi+ and K+ in collisions of p on 12C and 238U at 608 MeV/c. Experimental data from
LEAR measurements [13] are denoted by full symbols with the transverse momentum cuts PT ≥120 MeV/c (upper spectra)
and PT ≥500 MeV/c (lower ones) for pi
+ production, and PT ≥330 MeV/c (upper) and PT ≥600 MeV/c (lower) for protons.
inclusive invariant cross sections for the production of pi+,
K+, K− and neutral hyperons in collisions of p on 12C at
incident momenta of 50 MeV/c, 200 MeV/c, 608 MeV/c,
1 GeV/c and 4 GeV/c, respectively. It can be seen that
the spectra become more and more flat with increasing
the incident momentum, in particular for neutral hyper-
ons at above the threshold momentum. Dependence of
the spectra on reaction system is also investigated for
neutral particles at the incident momentum of 4 GeV/c
in Fig. 7. It is obvious the production yields is increasing
with heavier target because of the larger geometric cross
sections. The invariant cross section can be fitted by the
Maxwell-Boltzmann distribution as
Edσ
p2dp
= CE exp(−Ekin/T ), (3)
where E and Ekin are the total energy and the kinetic
energy, respectively, and the normalization C and tem-
perature T being the fitting parameters. The inverse
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FIG. 5. Rapidity distributions of pi0, K0 and neutral hyperons in the reaction p+12C.
slope parameters T have been obtained for pi0 being the
values of 103±4 MeV, 106±3 MeV and 110±2 MeV for
12C, 40Ca and 181Ta, respectively. The temperature pa-
rameters of 150±7 MeV, 144±4 MeV and 136±3 MeV
for K0, 124±16 MeV, 130±10 MeV and 124±7 MeV for
K
0
, 101±16 MeV, 97±15 MeV and 94±8 MeV for neu-
tral hyperons are obtained for 12C, 40Ca and 181Ta, re-
spectively. The results are basically consistent with the
experimental data by KEK in p+181Ta reaction at inci-
dent momentum of 4 GeV/c [14], where the temperatures
of 135±13 MeV and 97±6 MeV were obtained for K0S
and Λ, respectively. The conclusions are also useful for
the future PANDA experiments. The lower temperature
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FIG. 6. The kinetic energy spectra of inclusive invariant cross sections for the production of pi+, K+, K− and neutral hyperons
in collisions of p on 12C at incident momenta of 50 MeV/c, 200 MeV/c, 608 MeV/c, 1 GeV/c and 4 GeV/c, respectively.
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FIG. 7. The inclusive spectra of neutral particles produced in the reaction of p on 12C, 40Ca and 181Ta at 4 GeV/c.
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parameters are obtained for pions, antikaons and hyper-
ons in comparison to the ones of kaons, which are caused
from the secondary collisions, e.g., piN ↔ ∆, piN → KY ,
KN ↔ piY .
To avoid the geometric effects on particle production
in antiproton induced reactions, the multiplicities of pi-
ons, kaons, antikaons and hyperons are calculated from
the carbon to uranium in Fig. 8. It is obvious that a flat
structure appears in the production of pions and kaons.
The number of antikaons decreases with the atomic mass
of target nuclide. However, the hyperon production gives
an opposite trend because of the strangeness exchange
reactions. We have included the hyperon-nucleon po-
tential in the calculation. It would be a nice approach
with medium or heavy target to produce hypernucleus in
the antiproton induced reactions. The work on hypernu-
cleus production in the antiproton induced reactions with
the LQMD transport model combined with the statistical
model is in progress.
IV. CONCLUSIONS
The LQMD model has been further improved to inves-
tigate the nuclear dynamics induced by antiprotons. Dy-
namics on particle production, in particular pions, kaons,
antikaons and hyperons, has been investigated within the
model. The NN potential slightly changes the struc-
tures of rapidity and momentum distributions of pi+ and
protons in comparison to the LEAR data. The yields
of pions, kaons and antikaons are mainly contributed
from the annihilations of antiproton on nucleons. Hyper-
ons are dominated via the meson-nucleon collisions and
strangeness exchange reactions when the incident mo-
mentum is below the annihilation threshold value. The
obtained nuclear temperature is still below the condition
of QGP formation.
The hyperon-nucleon potential has been shown to be
importance of hyperon emissions in phase space in heavy-
ion collisions [10]. The evaluation of hyperons captured
by fragments to form hypernuclei will be helpful for mea-
surements in experiments. Calculations on dynamical
distributions of hypernuclei in phase space is in progress,
in particular for the hypernuclei of s=-2 and s=1 (ΛΛX ,
ΞX and ΛX with X being fragment).
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